Introduction
In order to achieve and maintain high productivity in continuous casting, the development of a technology for preventing subsurface inclusion defects in ultra low carbon steel and longitudinal surface cracks in high speed casting of medium-carbon steel at casting speeds exceeding 2 m/min has been particularly required. Because the origin of many surface layer defects in continuously cast slabs can be found in the initial stage of solidification, it is necessary to give special attention to initial solidification control technology as a measure for preventing this type of defect. Many reports on the mechanism of occurrence and preventive measures for various type of defects have been published since the 1970, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and considerable effort has been devoted to clarifying the relationship between operating conditions and surface quality. As factors which have a major influence on the surface quality of slabs, these reports have mentioned cooling conditions in the mold, [1] [2] [3] [4] [5] [6] the physical properties of the mold flux, [7] [8] [9] mold oscillation conditions 10) the amount of mold taper, 11) the flow of molten steel in the mold 12) and others. In particular, the importance of uniform mild cooling has been pointed out as a key factor in cooling in the mold.
Method of controlling initial stage solidification which achieve mild cooling includes adding a thermal resistance layer to the mold by processing the mold with grooves and increasing the thermal resistance of the mold plate itself by methods such as plating [2] [3] [4] [5] applying an electromagnetic field in the vicinity of the meniscus 6) and others. Although these technologies have been shown to possess a certain degree of effectiveness, they have also following disadvantages that disturb the practical application. For example, the grooved mold poses problems of groove wear and the cost of processing and reworking, while in the case of thermal resistance layers applied to the mold wall surface, the thermal resistance layer tends to peel due to thermal stress at the interface with the mold material. The method of applying an electromagnetic field to the shell at meniscus region has been tested and was effective to reduce of 80 % of surface defects for billet casting. 6) However, application to slab casters has many technical problems, low efficiency of electromagnetic transmission over mold plate of broadface, for example.
Although uniform mild cooling using a high basicity, high solidification temperature mold flux has a long history of practical application, this type of mold flux reduces the thickness of the liquidus film, which has the harmful effect of deteriorating lubrication in the mold. In recent research, it has been reported that the thermal resistance at the interface between the copper mold plates and the mold flux film is of crucial importance in initial solidification. [13] [14] [15] However, in order to equalize the heat transfer that are mediated by mold flux, including the inflow of the mold flux, it is necessary to control or reduce the unevenness by some means other than the mold flux. As a conceivable method of accomplishing this, it is possible to realize a relative reduction in the unevenness of heat transfer in the mold by increasing the thermal resistance of the mold itself. The reasons for the choice of nickel base super alloy for materi- In order to decrease surface defects of continuously cast slab, a newly designed innovative mold to realize uniform mild cooling has been developed. Nickel base super alloy, Alloy 718, characterized by high strength at elevated temperature and low thermal conductivity was applied as the material of mold plates instead of conventional copper. Casting experiments of medium carbon steel have been performed with pilot scale continuous caster. The following advantages of the new mold with 40 % decrease of meniscus heat extraction and 75 % decrease of its fluctuation were confirmed in comparison with conventional copper mold. 1) Index of longitudinal surface crack decreased by about 50 %, 2) Frequency of hook (over flow type oscillation marks) appearance on which non-metallic inclusions are likely entrapped decreased by 50 %, 3) Depth of "hook" decreased by 20 to 45 %, and 4) Average of oscillation mark depth decreased by 35 % and its fluctuation also decreased by about 50 %.
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al of the mild cooling mold in the present work are, 1) It does not require additional processing of the mold, 2) It does not have an interface between heterogeneous materials which may be an origin of cracks and 3) possesses low thermal conductivity and excellent high-temperature strength characteristics. The mild cooling mold was designed, fabricated and tested at a pilot plant of continuous caster. The effectiveness of mild cooling in reducing slab surface layer defects, particularly longitudinal cracks, was verified, and the heat extraction characteristics of the mold have been investigated.
Design of Mold for Uniform Mild Cooling

Selection of Mold Material
In order to suppress the surface cracks, various experiments [2] [3] [4] [5] suggest that meniscus heat flux (In the following, mold heat flux refers to meniscus heat flux unless stated otherwise) is required to be approximately 70 % of that of the Cu mold. Accordingly, the mold was designed in this work to realize a mold heat flux of 70 % (approximately 1.79ϫ10 6 W m Ϫ2 at a casting speed of 2.67ϫ10 Ϫ4 m s
Ϫ1
(1.6 m/min)) of that of the Cu mold. A fundamental study of one-dimensional heat transfer was carried out, as described below (Fig. 1) , the temperature difference DT m (ϭq · R MOLD ) between the cooling water side and the slab side of the mold is 717 K. The surface temperature of the mold can be estimated at approximately T w ϩDT m ϭ1 090 K. A key point in the design was to minimize as much as possible the thermal stress generated in the mold material under this condition. Moreover, it was essential to satisfy several conditions, including 1) excellent high-temperature strength (0.2 % proof stress is greater than maximum thermal stress), 2) low thermal conductivity (to reduce heat flux), 3) low coefficient of thermal expansion (to reduce thermal stress), and 4) thick mold plates (to reduce thermal stress). Therefore, one of precipitation strengthened Ni group alloys, Alloy 718, has been selected as the mold material, based on the results of various study. Table 1 shows the properties of Alloy 718 and Cu. Table 2 shows the chemical composition of Alloy 718. 
Structure of Alloy 718 Mold
The distance from the end ends of the cooling slits to the inner wall of the mold, d m , was set at 3.9 mm based on the thermal conductivity of Alloy 718, l 718 (although the thermal conductivity of Alloy 718 shows temperature dependence, here, a value of 16.5 W m Ϫ1 K Ϫ1 was used) and the design target value of R MOLD (0.24 m 2 K/kW). Thermal stress has been checked by a thermal stress analysis (MARC) in Fig. 3 , confirming that no cracking will occur during casting. The temperature of the mold surface immediately below the meniscus is approximately 823 K at a casting speed of 2.67ϫ10 Ϫ4 m s Ϫ1 (1.6 m/min) under this condition, and exceeds 973 K at a casting speed of 4.17ϫ10 Ϫ4 m s Ϫ1 (2.5 m/min) ( Fig. 3(b) ). The specification of the cooling slits were therefore decided in such a way that the calculated thermal stress in all parts of the mold would not exceed the 0.2 % proof stress of the mold material at high-temperature ( Fig. 3(a) ). Because the mold plates were 18 mm thickness, it was not possible to cut taps directly in the mold plates, as is done with conventional Cu molds. Alloy 718 nuts were welded to span the slits, and the Alloy 718 mold plates were mounted using these nuts and tie bolts ( Fig. 4(a) ). The structure of the Cu mold used with the laboratory continuous caster for the comparison is shown in Fig. 4(b) , and the basic specifications of the molds are given in Table 3 . Both molds were constructed using the same material on all four sides, but in the case of the Alloy 718 mold, the depth of cooling slits was modified in the casting direction in order to maintain a uniform mold surface temperature.
Casting Experiments with Laboratory Continuous Caster
The basic casting conditions are shown in Table 4 . In these experiments, the conditions were mainly selected to deliberately encourage longitudinal cracking in order to confirm the effectiveness of mild cooling in suppressing cracking. The steel grade used in casting was medium-carbon steel (approximately 0.11 % C) that is sensitive to cracking. The major properties of the mold flux such as ba- The temperature of the molten steel in the tundish was 1 827 K at casting start and 1 817 K at the completion of casting, and the average superheat of the molten steel was 28 K. Considering the low thermal conductivity of the mold walls, a two-hole submerged entry nozzle with a downward inclination of 60°and no well was adopted in order to ease the impact of the molten steel against the mold walls at the start of teeming. During casting, the meniscus was controlled automatically to a position, 100 mm from the top edge of the mold, at all times by an eddy current type of level sensor. A total number of 92 K-type thermocouples were buried in the mold plates to measure the surface temperatures of the mold and the local heat flux. The interval of the temperature measurements was one second. Four experimental levels were selected using the conditions shown in Table 4 , comprising two mold material levels (Cu, Alloy 718) and two casting speed levels (0.8 and 1.6 m/min). The effect of mild cooling in the hold on the following items was studied; 1) Heat removal distribution obtained from mold temperature measurements, 2) surface properties of slabs, and 3) solidification structure and oscillation marks of slabs.
Results of Casting Experiments with Laboratory
Continuous caster
Mold Heat Extraction
Comparisons of the heat removal characteristics and the surface temperature of the mold plates between the Alloy 718 mold and Cu mold at a casting speed of 2.67ϫ10 Ϫ2 m s Ϫ1 (1.6 m/min) are shown in Figs. 5 and 6 , respectively. The range of deviation in heat removal in Fig. 5 has an average value of Ϯ2s (standard deviation of time axis) over four minutes for the results of heat flux measurements taken at intervals of one second. The values of 2s with the Cu mold and the Alloy 718 mold at the peak heat flux immediately under the meniscus were 1.51 and 0.06 MW m Ϫ2 , respectively. These results indicate that the heat removal characteristics of the Alloy 718 mold were substantially as designed and confirmed that the Alloy 718 mold possesses the following distinctive feature: 1) Mild cooling was realized, with heat removal at approximately 60 % of the level with the Cu mold, both at the meniscus (30 mm below the surface of the molten metal) and at an average value in the casting direction of the mold. 2) In comparison with the Cu mold, heat removal showed a remarkably smaller deviation. To confirm the mild cooling effect, the secondary dendrite arm spacing was measured at a position 1.5 mm below the slab surface (Fig. 7) . The cooling rate was calculated from the relational equation proposed by Suzuki et al., 17) as also shown in the Fig. 7 . These results confirmed the mild cooling effect of the Alloy 718 mold. 
Effect of Alloy 718 Mold in Preventing Longitudinal Cracks
Because virtually no cracking was observed at a casting speed of 1.33ϫ10 Ϫ2 m s Ϫ1 (0.8 m/min) regardless of the mold materials, the following will discuss the results with slabs cast at 2.67ϫ10 Ϫ2 m s Ϫ1 (1.6 m/min). Longitudinal cracks were found on the slab cast with the Alloy 718 mold, but were scattered at several places on one side of the slab. On the other hand, numerous cracks that accompanied depression were observed on the surface of the slab cast with the Cu mold, including some with a length of more than 1 m. In order to evaluate the effectiveness of the Alloy 718 mold in suppressing longitudinal cracks, the ratio of the length of the cracks to the obtained length of the slab was defined as the index of the longitudinal surface crack length. The result of this evaluation is shown in Fig. 8 . With the Alloy 718 mold, the crack length index was reduced by approximately 50 % in comparison with the Cu mold, confirming the effectiveness of the mild cooling mold in preventing longitudinal cracks.
Influence of Mold Material on Oscillation Mark
Morphology An investigation of oscillation marks on the slab surface was carried out at the narrow side and at a position 80 mm from the corner on the inner radius side. Examples of the appearance of slabs produced with the respective molds are shown in Fig. 9 . A characteristic feature of casting with the Cu mold is deep, sharp oscillation mark. On the other hand, the appearance of oscillation mark in casting with Alloy 718 mold is smooth and relatively shallow.
In the investigation of the solidification structure of the oscillation mark, longitudinal-sections of surface layer samples were polished and then etched with an aqueous solution containing 50 % picric acid. Oscillation mark can be classified into the overflow type, which is accompanied by an inward collapse of the shell (hook), and the bent type, which is not accompanied by hooks. As shown in Fig. 10 , both types were found in all samples. The bent type can be further classified into two types, depending on the presence or absence of segregation.
a) Overflow Type
As shown in Fig. 11 , the rate of occurrence of overflow type (frequency of hooks) in the slab produced with the Alloy 718 mold was approximately 50 % of that of the Cu mold slab, indicating that the rate of occurrence of hooks is suppressed by mild cooling. Further, as shown in Fig. 12 , the hook depth itself was also reduced by 30-40 % by mild cooling. This improvement, combined with the reduction in the rate of occurrence, can be expected to have a large effect in preventing defects caused by oscillation mark hooks.
b) Bent Type
The relationship between the depth of bent type oscillation mark, defined as the sum of the concave of the slab surface due to oscillation and the thickness of surface segregation, and negative strip time, t N , is shown in Fig. 13 . Both the average value and the deviation of the oscillation mark depth were reduced with the Alloy 718 mold.
Discussion
Influence of Mold Material on Time-average Heat
Flux at Meniscus The time-average heat extraction at the meniscus, obtained by casting experiments with the Alloy 718 mold, was approximately 60 % of that of the Cu mold, as was shown in Fig. 5 . However, the initial estimation, which considered only the contribution of the increase thermal resistance of the mold, was 70 % of conventional heat flux as shown in Fig. 2 . In order to account for this difference, it was necessary to examine factors in mild cooling other than the mold, using the one-dimensional steady heat transfer model shown in Fig. 1 .
As previously mentioned, when the maximum heat flux immediately below the meniscus in a Cu mold is 2.55 MW m From Fig. 1 , it can be understood that the interface temperature of the mold flux film, T p , is higher than the mold surface temperature by q · R INT . However, on the other hand, T p must always be smaller than the solidification tempera- 2 K/kW, the thickness of the mold flux film is expected to be in the range between 450 and 690 mm. It can therefore be inferred that virtually all of the increase in R INT ϩR p , compared with case of the Cu mold, is attributable to an increase in R p , and the value of R p corresponds to an increase of 150 mm in the film thickness.
At the same time, mold flux film consumption was also measured. Values of 0.31 and 0.36 kg/slab-m 2 were found for the Cu mold and Alloy 718 mold, respectively, which was a 0.05 kg/slab-m 2 increase with the Alloy 718 mold. However, if this value is converted to the thickness of a uniform liquid film covering 1 m 2 of slab surface, the result is 34 mm, which does not agree with the inferred value of 150 mm. It is therefore appropriate to think that the solid phase mold flux film (adhering layer) at the meniscus increased. The cause is thought to be either an increase in the temperature of the mold surface or a decrease in the strength of the solidified shell. However, further study will be required to clarify the actual mechanism.
Discussion of Fluctuation over Time in Heat
Removal at Mold Meniscus Although it is reasonable to think that the prevention of cracks is attributable to a reduction in internal stress in the solidified shell resulting from uniform cooling, 1) the characteristics of fluctuation in heat removal with Alloy 718 mold will be examined here. In the heat transfer model (Fig. 1) .... (3) As shown in Fig. 5 2 , which is extremely small in comparison with that of the Cu mold, being less than 1/20 of the value with the Cu mold. As the reason for this difference, it can easily be pointed out that there is large difference in the temperature response at the temperature measurement position, which is determined by the thermal resistance of the mold. The following will consider to what degree the fluctuations in the mold surface temperature reach the insertion position of the thermocouples.
Equation (4) is a differential equation expressing one-dimensional transient heat transfer, where T is the temperature in the mold, x is the mold thickness direction, and a is the thermal diffusivity of the mold material. (8) Here, if the b of Cu and Alloy 718 are compared for the case when it is 0.536 s, which is the mold oscillation period (1/fϭ0.536 s), then Ϫ2 is 0.33 m 2 K/kW. As previously mentioned, there is an upper limit on the changes in R INT , which means that even large values of R INT must be on the order of 0.1 m 2 K/kW. Hence, it must inevitably be concluded that DR is mainly attributable to fluctuations in the thickness of the mold flux film. As mentioned above, on the assumption that the thermal conductivity of the mold flux film is 1.0 W m Ϫ1 K
Ϫ1
, 15) the fluctuation in the thickness of the film is 0.83 mm with the Cu mold and 0.33 mm with the Alloy 718 mold, which is in good agreement with the deviation of 2s in the slab oscillation mark depth at t N ϭ0.15 s in Fig. 13 . (This deviation value is equivalent to 0.8 mm with the Cu mold and 0.3 mm with the Alloy 718 mold.) From the above, the contribution of each thermal resistance factor to the reduction in fluctuations in heat removal, Dq in these casting experiments is considered to be approximately 40 % from mold thermal resistance, approximately 30 % from the increase in mold flux film thickness resulting from the increase in mold thermal resistance, and approximately 30 % from factors associated with the reduction in oscillation mark depth which is realized by mild cooling (Fig. 15) . The reason of the mark depth reduction os assumed that starting point of the shell solidification shhifts beneath with the mild cooling as well as the hook depth.
The analysis in this section has focused on time-series fluctuations in heat flux. However, this type of fluctuation is also thought to have an important influence on non-uniform cooling in the transverse direction, which is a major factor in longitudinal cracking. The oscillation mark on the slab surface in actual continuous caster are definitely not straight, indicating that the start of solidification does not occur at the same depth across the mold width. This in turn suggests that non-uniform heat removal in the transverse direction is frequently encouraged by the passage of oscillation mark. In this case, the Alloy 718 mold, which this work has shown to be effective in reducing the frequently and depth of oscillation mark, would represent one solution to the problem of achieving uniform cooling in the mold width direction.
Conclusion
A mild cooling mold of Alloy 718 has been designed, fabricated, and used in casting experiments with mediumcarbon steel in a laboratory continuous caster with no problems of mold wear or other casting-related problems. This work showed that the Alloy 718 mold offers the following advantages over the conventional Cu mold.
(1) Heat removal by the mold was reduced by 40 % from the heat flux measurement and secondary dendrite arm spacing.
(2) Fluctuations over time for heat flux were reduced to approximately 1/4, when the heat response of the mold was considered.
(3) As a result of the reduction in heat removal by the mold, the index of longitudinal surface crack length was reduced by 50 %.
(4) The frequency of hooks at overflow type oscillation marks was reduced by 50 %.
(5) The depth of the hooks that occurred at oscillation marks was reduced by 30-40 %.
(6) The deviation in the depth of oscillation marks was reduced, and the average depth of marks was reduced by approximately 40 %.
These results have confirmed that the mild cooling method using the Alloy 718 mold is effective in suppressing longitudinal cracks and hooks, which are a capture sites for inclusions. . .
